ABSTRACT Recently, observational studies analyzing prehospital blood product transfusions (PHT) for trauma have become more widespread in both military and civilian communities. Due to these studies' non-random treatment assignment, propensity score (PS) methodologies are often used to determine an intervention's effectiveness. However, there are no guidelines on how to appropriately conduct PS analyses in prehospital studies. Such analyses are complicated when treatments are given in emergent settings as the ability to administer treatment early, often before hospital admission, can interfere with assumptions of PS modeling. This study conducts a systematic review of literature from military and civilian populations to assess current practice of PS methodology in PHT analyses. The decision-making process from the multicenter Prehospital Resuscitation on Helicopter Study (PROHS) is discussed and used as a motivating example. Results show that researchers often omit or incorrectly assess variable balance between treatment groups and include inappropriate variables in the propensity model. When used correctly, PS methodology is an effective statistical technique to show that aggressive en route resuscitation strategies, including PHT, can reduce mortality in individuals with severe trauma. This review provides guidelines for best practices in study design and analyses that will advance trauma care.
INTRODUCTION
Although randomized controlled trials (RCTs) remain the gold standard, RCTs may be either impractical or impossible to implement, especially in emergency care fields such as trauma. Specific barriers in trauma include administration of treatment that is tailored to an individual's specific injury, inexperience with performing Exception from Informed Consent studies, cost, and logistical issues involved in ensuring timely randomization assignment and treatment administration.
1,2 When RCTs are not ethically or practically possible, observational studies with non-random treatment assignment are often implemented. Although observational studies do not result in the same level of evidence as an RCT, they can provide useful and accurate results when properly implemented.
In properly designed and executed randomized studies, treatment assignment and patient characteristics are guaranteed to be independent as variables such as age, gender, and disease severity do not influence the choice of treatment. 3, 4 However, this is not the case in observational studies, where treatment assignment is chosen at the physician's discretion and therefore influenced by the patient's baseline characteristics. Thus, patient variables may not be similar (or balanced) between treatment groups. For example, the Prehospital Resuscitation on Helicopter Study (PROHS) was an observational study investigating the effectiveness of prehospital blood product transfusion (PHT) where patients with a traumatic injury who received PHT were more injured, on average, than those who did not receive PHT. 5 This issue is both expected and unavoidable. When used correctly, propensity scoring methodology can be an effective statistical technique to balance treatment groups and accurately estimate a causal treatment effect. 3 Hemorrhage is a leading cause of preventable death among trauma patients in both civilian and military populations. [6] [7] [8] To improve outcomes after traumatic injury, numerous recent studies utilizing propensity scoring methodology have investigated whether or not early administration of blood products affects mortality. [9] [10] [11] [12] [13] However, difficulties with the propensity score (PS) analysis arose throughout PROHS. This led to a search of available literature for guidance on the nuances of conducting a causal analysis when the treatment is administered before hospital admission. Although one paper detailed critiques and guidelines for proper PS use in cardiovascular surgery, there was only one brief review that detailed results of PHT studies. 14, 15 Thus, there is not adequate referential material in this area of research. The objective of this article is to review the current PHT literature, assess strengths and limitations of current analytic practice, and present clear guidelines for how to plan and implement PS analyses in studies focusing on prehospital blood product administration.
Propensity Score Basics
This manuscript provides guidance for the broad overall process of PS analyses and recommends other literature for more detailed reviews of PS implementation. [16] [17] [18] At the most basic level, the PS is a single value defined as a patient's probability of receiving treatment given their observed variables. 3 On average, patients with similar propensity scores also have similar observed variables. 18 Therefore, the PS is a natural metric used to group subsets of patients who are similar. Conducting a PS analysis is a three-step procedure that is described below:
1. First, a model is fitted with treatment as the outcome variable. a. All baseline variables that influence treatment selection, but none that are influenced by treatment selection, should be included as independent variables in this model. 2. Results from the previous model are then used to calculate each subject's conditional probability of receiving treatment given their observed baseline clinical variables, that is, the PS. 3. Once each patient's PS is obtained, a final outcome model is built to estimate the treatment effect on outcome (e.g., mortality) that adjusts for the PS by either stratifying, matching, weighting, or including the PS in the regression model.
It is important to perform diagnostic checks of the model after the propensity model is fitted. First, the distribution of the variables used to obtain the PS should be compared across treatments to ensure that application of the propensity scoring technique produces a balanced sample. The similarity of distributions should be assessed using qualitative methods such as comparison of box plots or histograms for continuous variables, or cross-tabulations for discrete variables. 17, 19 Although it may seem intuitive to assess balance using formal statistical tests, experts warn against this "balance test fallacy." [20] [21] [22] This fallacy exists since statistical tests use a sample to make inference about the overall population. When conducting PS analyses, it is of no interest to determine if the overall population is balanced. Instead, it is only necessary that the observed sample is balanced. p-Values also have the undesirable property of being influenced by sample size. Therefore, to quantitatively determine if balance has been achieved, experts suggest comparing standardized differences, which are not affected by sample size. 20, 23, 24 As the PS can be thought of as a single number representing the summary of observed baseline clinical variables, another way to roughly assess balance is by comparing distributions of the PS between treated and untreated patients. 3, 21, 25 By comparing these distributions, an area of common overlap of propensity scores can be observed. This area represents individuals who have similar propensity scores and therefore have, on average, similar baseline characteristics. 21 If the distributions do not overlap, that is when there exist treated subjects with propensity scores outside of the range of control subjects, no valid estimation of the treatment effect can be made. 25 Overlap is directly tied to the assumption of positivity, which requires all subjects to have a probability of receiving treatment that is greater than zero. 3, 18 Therefore, it is essential that any study utilizing propensity scoring methodology assesses the conditions of balance and overlap to ensure accurate results. Figure 1A displays an example of treated and control distributions, which have good overlap, whereas Figure 1B shows poor overlap, as displayed by the medium gray region.
METHODS

Study Identification
In order to make recommendations for future research, it is first necessary to assess current practice. We conducted a systematic review in order to identify recent clinical studies that used propensity scoring techniques to assess the effect of PHT on mortality. To identify pertinent articles, we performed online searches using the National Center for Biotechnology Information's PubMed database and EMBASE for articles containing MeSH headings of "emergency medical services" (the recommended MeSH term to identify prehospital treatment) and "blood transfusion" and text: "propensity score," "transfusion," "hemorrhage," "resuscitation," or "red blood cell." This search identified 16 potential papers for initial investigation.
Assessment Criteria
In order to determine how closely current practice agrees with PS theory, details regarding the propensity model building process in each study were thoroughly examined and assessed for validity in the areas of:
1. selection of the control population 2. propensity model building 3. application of selected PS method 4. covariate balance assessment RESULTS A flowchart detailing the selection process and primary reason for article exclusion can be seen in Figure 2 . Five retrospective cohort studies, along with PROHS, met all selection criteria and were chosen for review. 5, [9] [10] [11] [12] [13] Estimates of the effect of PHT on the selected mortality endpoints for each article are shown in Figure 3 and an evidence table can be seen in Table I .
Review of the Relevant Literature
In their 2013 paper, Brown et al used propensity scoring to assess outcomes for prehospital crystalloid volume in patients with and without prehospital hypotension suffering from a severe blunt traumatic injury. 9 Although administration of crystalloid is not identical to PHT, this study utilized propensity scores and was important in paving the way for future research on PHT. 10 Data were collected between 2003 and 2010 from the Inflammation and Host Response to Injury Large Scale Collaborative Program, a large prospective multicenter observational study of blunt injured adults with hemorrhagic shock who lived long enough for admission to an intensive care unit. 26 Researchers used multiple logistic regression to build a PS model for the binary treatment variable indicating high amounts of prehospital crystalloid received (greater than 500cc). This model calculated a patient's probability of receiving a high amount of crystalloid, adjusting for variables influencing treatment assignment listed in the summary of evidence Table I . The authors fit a Cox proportional hazards model controlling for the selected independent variables as well as the PS indicating probability of receiving high amounts of crystalloid to assess the effect of PHT on mortality. 10 Separate Cox proportional hazards models were constructed for patients with and without prehospital hypotension, defined as systolic blood pressure (SBP) < 90 mmHg. For subjects without prehospital hypotension, high prehospital crystalloid administration was not significantly associated with 24-hr mortality (hazard ratio [HR 24 12 Administration of PHT, consisting of packed red blood cells (RBCs) and fresh frozen plasma, to military casualties in Afghanistan became possible in July 2008. The authors conducted a matched PS analysis to attempt to quantify the effect of PHT on mortality in combat casualties. First, a multiple logistic regression model was used to calculate a PS, interpreted as the probability of a subject receiving PHT given their observed variables, for each subject who was treated after July 1, 2008. The binary outcome variable was an indicator of whether or not the subject received PHT and the model controlled for the variables listed in Table I . Subjects treated with PHT after July 1, 2008, were then matched to one or more subjects with common observed variable profiles treated before July 1, 2008. A matching algorithm created matched pairs where one subject was treated with PHT and the other would have likely been treated with PHT, had it been available. Results from matched McNemar tests indicated that the 30-d mortality rate in PHT recipients was significantly less than the mortality rate in non-recipients (8.2% vs 19.6%, p = 0.013). In order to ensure comparability between studies, a relative risk (RR) point estimate of mortality for PHT recipients compared with non-recipients was calculated (RR 8.2/19.6 = 0.42; 95% CI [0.19, 0.92]).
In 2015, Brown et al published the first civilian study that utilized propensity scoring to indicate that PHT is associated with reduced mortality and coagulopathy in severely injured patients with blunt trauma. 10 The 2015 study also used subjects from the Inflammation and Host Response to Injury Large Scale Collaborative Program but focused on assessing the effect of PHT, rather than crystalloid administration. 26 Since only 50 patients received PHT compared with 1,365 subjects who did not receive PHT, a 3:1 matched PS analysis was conducted. Similar to the 2013 study, researchers constructed a multiple logistic regression model controlling for important prehospital variables to calculate each subject's probability of receiving PHT. A total of 113 subjects were matched, 35 received PHT and 78 did not. In the matched cohort of patients, a conditional logistic regression model for matched pairs indicated a 98% reduction in 24- of PHT in resuscitation strategies and addressing logistical challenges that prevent the RBC products from being widely available in the prehospital setting. 10 Brown et al, 2015b investigated the relationship between PHT and early survival 11 among patients transported by helicopter to the University of Pittsburgh Medical Center Presbyterian Hospital from 2007 to 2012. As the treatment assignment was not random, patients receiving PHT were typically more severely injured and had a higher risk of mortality. 11 The authors used PS matching to pair patients treated with PHT with similar control patients. Of the 8,616 air medical trauma patients identified, 255 received PHT and 240 of these were PS matched to 480 control patients. Conditional logistic regression, adjusting for selected variables, was used in the outcome analysis to assess the effect of PHT among patients. Results indicated that PHT was associated with a very large increase in 24-hr survival (OR = 4.92; 95% CI [1.51, 16 .04]). These values were converted to risk of mortality in Figure 3 Fig. 3) , a secondary outcome, in subjects who received PHT compared with those who did not. These findings agree with other studies and support the notion that PHT is an effective treatment for patients with severe hemorrhage.
The study conducted by Miller et al in 2016 included all adult trauma patients from 2007 to 2013 who were transported by air from the scene to Vanderbilt University Medical Center. 13 A multiple logistic regression model, controlling for the selected variables listed in Table I , was used to calculate the probability of each patient receiving PHT. After matching 195 recipients of PHT to 195 control patients, most, but not all, of the variables showed evidence of being balanced. A conditional logistic regression model was used to evaluate the matched data. Results did not show evidence of an effect of PHT on 24-hr in-hospital mortality (OR = 1.04; 95% CI [0.54, 1.98]) or overall in-hospital mortality (OR = 1.05; 95% CI [0.56, 1.96]). As these results seem counterintuitive to current early resuscitation strategy with blood products, the authors suggest that more prospective studies are needed to assess the potential risks, benefits, and costs of widespread use of PHT during transport. PROHS enrolled 1,058 patients across nine US Level I trauma centers from January to November 2015. 5 Five sites in PROHS had the ability to administer PHT while four did not. The objective of the study was to find comparable patients who did and did not receive PHT and implement PS matching to determine the effect of PHT on 3-hr, 24-hr, and 30-d mortality. A generalized boosted model was used to calculate each patient's PS. However, systematic differences in patient characteristics between sites with PHT capabilities and those without led to uncontrollable variable imbalance between treatment groups and severe lack of overlap. This lack of overlap lead to only 109 of 1,058 eligible patients being matched. After matching, conditional logistic regression was used to calculate odds of mortality. There was no significant difference observed between patients treated with PHT and those who were not at 3- Figure 4 presents a flowchart describing the steps for implementing propensity scoring analysis according to the assessment criteria outlined in the introduction of this manuscript. Table II presents a summary of the performance of each study for the defined assessment criteria; a check indicates that the criteria were satisfied and an exclamation point indicates that the criteria were not fully met. The criteria are briefly discussed for each article below. As the Brown 2013 study utilized a large amount of data from the multicenter glue grant, there was a large population from a similar time period from which treated and control patients could be selected. 26 Furthermore, both treated and control patients were enrolled throughout the entirety of the study, preventing selection bias due to differences in temporality. The authors thoroughly explained the propensity model building process and specifically listed which variables were included in the propensity model. Variables were considered for inclusion into the logistic regression PS model based on whether they were available to prehospital care providers and whether they could be reasonably assumed to affect treatment assignment. 9 The authors justify the inclusion of injury severity score (ISS) and initial base deficit as variables in the PS model by noting that, while they would not be available to prehospital providers, they are a good surrogate for observed injury severity that a prehospital provider would subjectively evaluate and use to guide resuscitation. 9 The PS was included as an independent variable in the Cox proportional hazards outcome model. The authors presented a brief assessment of balance by comparing quartiles of propensity scores between treated and untreated patients. Although not providing the detail that a plot of overlapping densities provides, it does indicate that there is a significant overlap between the treatment groups. Overall, this study is of high quality because it satisfies pertinent requirements of PS theory.
Assessment of Selected Articles
In the O'Reilly article, patients treated with PHT between July 2008 and March 2011 were matched to similar patients resuscitated between May 2006 and July 2008 before PHT was available. The authors note that numerous changes in practice, as well as decreased prehospital times, due to increased deployment of forces occurring between 2006 and 2011, could have influenced mortality. 12 Ideally, one would control for this temporal effect by including the year of injury as a variable in both the PS and the outcome models; however, this is not possible since year cannot be disentangled from treatment assignment. Due to study design and selection of controls, it cannot be determined if effects observed are due to treatment or evolving changes in practice, a limitation that the authors fully recognize. The authors did not avoid the "balance test fallacy" and assessed covariate balance within the matched subset using statistical tests and p-values. Although this article has some unavoidable limitations due to availability of the control sample, the authors present clear and informative results.
The control population used for the Brown et al (2015a) manuscript also came from the glue grant database, an adequate source for obtaining an untreated control sample. 26 The authors carefully selected numerous prehospital measurements to include as independent covariates in the propensity model. However, two of these variables were admission hemoglobin level, and admission internal normalized ratio, which are measured after, and may be influenced by treatment assignment. 27 No justification was provided for inclusion of these two variables. It is not a appropriate practice to use covariates that may be influenced by treatment when building a PS model. PS models that are incorrectly specified by including post-treatment covariates have been shown to lead to improper PS estimation and biased results. 28, 29 Histograms of propensity scores for each of the treatment groups within the matched sample are shown to demonstrate overlap. A table displaying the summary statistics of important covariates for each treatment group within the matched sample presents evidence of balance; however, p-values are presented, which is not recommended.
The control patients used in the single-center Brown (2015b) study were drawn from the same time and population as the treated patients, protecting against possible selection bias. All independent variables included in the PS model were selected a priori and were either measured before PHT or were not influenced by the administration of PHT. Furthermore, the paper presents the most detailed balance assessment of all studies considered for review, including standardized difference to determine if relevant variables were adequately balanced after matching. This method has been recommended by experts and is preferable to relying on p-values from statistical tests. 23, 25, 30 This study most closely adheres to guidelines established by PS theory.
In the 2016 study conducted by Miller et al, both the treatment and the control samples were drawn from Vanderbilt University Medical Center (VUMC) over the same time period. 13 Numerous air medical transport services bring patients to VUMC, and some have the ability to administer PHT while others do not. Variables selected for inclusion into the propensity model were those used by medical personnel to determine whether to administer PHT. However, the authors also included the amount of in-hospital blood administered within 24 hr of admission in the PS model. As this is a post-treatment variable likely to be influenced by treatment itself, it should not be 
PS, propensity score. Note. A check mark indicates that the criteria was sufficiently met. An exclamation point indicates the criteria was not sufficiently met.
included in the propensity model. The authors created a 1:1 matched sample and performed conditional logistic regression to assess the outcomes. They assessed balance within the matched set, but did so using statistical tests and p-values.
PROHS and Guidelines for Future Studies
Reviewing the selected articles informed the design and analysis plan for PROHS. All nine participating sites agreed not to change their prehospital resuscitation protocol for the duration of the study. As it was not possible to randomize treatment in PROHS, it was believed that having centers without the ability to administer PHT would enroll an untreated sample in which some patients had a high propensity for receiving PHT during transport. Unfortunately, key variables predicting treatment (including ISS, prehospital Glasgow coma scale [GCS] , and prehospital SBP) differed drastically between sites with and without blood available. This level of heterogeneity between sites ultimately proved impossible to control for. As some sites were not able to administer PHT, we included site volume as a continuous variable in the PS model rather than a site indicator and utilized generalized estimating equations, with a random effect for site, in the outcome model. 5 Balance assessment in PROHS avoided statistical tests and included density plots, illustrating the study's issue with lack of overlap.
DISCUSSION
The objective of the current study is to review observational PHT studies and determine how closely their statistical methods met the assumptions that PS theory requires. Two of the five retrospective studies reviewed, as well as PROHS, met all of the PS assessment criteria. 5, 9, 10 Even though the other articles did not explicitly meet all of the established criteria, their contribution should not be diminished, as they set the stage for randomized studies.
The most common issue was not adequately addressing balancing techniques and using p-values to assess balance. We recommend that overlap and balance diagnostics always be included in the publication (without p-values) and furthermore should be a condition for publication when reviewing submitted articles utilizing PS. However, it is also possible that statistical details were removed in the revision and editing, possibly due to journal requirements. Another common issue was utilizing post-treatment variables in predicting the probability of treatment (the PS model). Although this is not an appropriate practice, in general, collecting a variable's value after treatment is administered does not necessarily mean that it was influenced by treatment. Permanent patient characteristics such as age, or gender, along with injury-related variables such as mechanism of injury, or injury severity score may be recorded later and included in the propensity model as they are not affected by treatment assignment.
One limitation of the current study is that so few articles exist that meet the inclusion criteria of the systematic review. It should also be noted that three of the six articles had the same lead author and are drawn from the same database. These factors limit the amount of variation observed in the propensity scoring methods implemented. However, the small existing body of research using propensity scoring to assess effectiveness of PHT also enabled this review to capture all of the relevant studies. As PHT is a treatment that appears to be growing in popularity, it is helpful to provide uniform guidance for designing these studies. Future research in this area could include developing guidelines for interim monitoring techniques to assess balance throughout the course of a pre-planned prospective observational study and provide remedial action if unexpected issues arise.
Finally, we recognize the difficulty in planning and implementing novel studies where there is limited specific reference material available. Our critiques of the selected studies are not meant to diminish their authors' work or suggest that their results are invalid. Instead, we hope that this manuscript encourages best practice in future studies and provides guidance for researchers desiring to enhance trauma care in both civilian and military populations.
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